The conditions for quantitative extraction of actomyosin from dog heart ventricular muscle were studied. By use of appropriate techniques and conditions, yields of actomyosin comparable to those found by others for a variety of muscles were obtained. The method used could be standardized to give reproducible values with both fresh and frozen muscle. Actomyosin so obtained retained its characteristic properties as evidenced by its viscosity response to ATP and its enzymatic activity.
The conditions for quantitative extraction of actomyosin from dog heart ventricular muscle were studied. By use of appropriate techniques and conditions, yields of actomyosin comparable to those found by others for a variety of muscles were obtained. The method used could be standardized to give reproducible values with both fresh and frozen muscle. Actomyosin so obtained retained its characteristic properties as evidenced by its viscosity response to ATP and its enzymatic activity.
ACTOMYOSIN of skeletal muscle has / % been studied extensively. 1 ' 2 On the / ^ other hand studies of actomyosin of heart muscle have been meager, due in part to difficulties encountered in its extraction. 1 ' * The present study represents an attempt to extract quantitatively actomyosin from heart muscle with minimum alteration of its physicochemical properties. This separation and quantitative characterization is based on an appreciation of certain of the known properties of this protein and of its state in muscle. GENERAL 
METHODS
Adult mongrel dogs were anesthetized by the intravenous injection of sodium pentobarbital. The chest was quickly entered, the heart excised, immediately opened, and all blood washed from its chambers with cold tap water. It was then placed in a container surrounded by ice. Portions of the ventricular muscle were removed for analysis and the remainder of the heart was divided into 3 to 5 gram portions, wrapped in Parafilm and stored at -20 C.
The ]X>rtions for analysis were placed on a glass plate chilled with ice and minced finely with scissors. The mince was divided into approximately one gram portions, wrapped in Parafilm, and stored in a refrigerator until used. All extractions on fresh muscle were carried out from 0.5 to 3 hours after removal from the living animal.
1.000-1.006 gm. of minced muscle was weighed on a Roller-Smith torsion balance and transferred to a glass homogenizing vessel surrounded by an ice From the Departments of Medicine and Pathology and the Hospital Laboratory Service, University of Minnesota Medical School, Minneapolis, Minnesota.
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water jacket. Seven volumes of ice-cold Weber's* solution were added and homogenization carried out for exactly six minutes using a tissue-grinder of the Potter-Elvehjem type with Teflon pestle driven by an electric motor at high speed. The homogenate was transferred to a 50 ml. centrifuge tube. The homogenizing vessel was washed thoroughly with 7 volumes of ice-cold 0.6 M KC1 and this was added to the homogenate to make a tissue dilution of 1:15. After 0.02 mi. of a 10% solution of ATP (disodium salt) had been added, the homogenate was thoroughly mixed and placed in a refrigerator at 6 ± 2 C. After 24 hours, 15 volumes of ice-cold 0.6 M KC1 were added to the homogenate (final dilution 1:30 and pH 8.7 to 8.9). After thorough mixing by gentle shaking and inversion, samples were withdrawn for detennination of total protein. The homogenate was then centrifuged for 10 minutes at 2000 g. The supernatant was decanted and centrifuged for an additional 15 minutes at 1400 g. Again the supernatant was saved. It appeared somewhat viscous, red-brown, and moderately turbid but was without visible purticles or threads. This was termed the soluble extract and one-half was saved for analysis. From the remaining half, actomyosin was separated by a method based on that of Mommaei-ts and Semidariaiv 4 . Eight ml. of the extract were placed in a 50 ml. centrifuge tube and to it 5 volumes of ice-cold, glassdistilled water were added. The solution was brought to pH 6.8-6.85 with 0.5N acetic acid (0.0S to 0.09 ml. usually required) and actomyosin appeared as a fine, slightly flocculent precipitate. It was immediately centrifuged at 0 C at 2000 g. for 10 minutes, the supernatant discarded and the sediment washed once with ice-cold glass-distilled water. It was then redissolved in 2 ml. of ice-cold 2 M KC1 and made up to the original volume with ice-cold glass-distilled water. The final solution had an ionic strength of 0.5, pH 7, and was turbid and viscid. It was stored in the refrigerator overnight and centrifuged at 1400 g. for 15 minutes at 0 C before use.
Except as otherwise noted, protein was deter-• Weber's solution: 0.6 M KC1, 0.04 M NaHCO l( and 0.01 M Na 5 C0.. pH 9.33 at 10 C. mined as nitrogen by the micro Kjeldahl method with direct nesslerization of the digest obtained with the digestion mixture of Perrin. 6 Adenosinetriphosphtitose activity was measured as rate of phosphorus liberation. One ml. of muscle extract and 1 ml. of glyeine buffer, pH 9.2, were placed in a test tube, mixed, and the tube placed in a water-bath at 20 ± 0.1 C. 0.02 ml. of a 10 per cent solution of the disodium salt of ATP was added and the contents of the tube quickly mixed. At intervals of from one to ten minutes after the addition of ATP, 0.2 ml. of the reaction mixture was withdrawn and delivered into 0.2 ml. of 10% trichloracetic acid. The concentration of inorganic phosphorus in each sample was obtained by the method of Fiske and Subbarow. 6 All determinations were done on duplicate samples of the extracts and the values obtained for inorganic phosphorus were plotted against time after addition of the substrate. The slope determined in this way was that of a zero order reaction up to 10 minutes at concentrations of protein from 1 to 4 mg per ml. It was used to calculate rate of liberation of phosphorus, with the equation:
Pi -ft 606 _ mM of phosphorus liberated per h -U 31 minute per gram of whole tissue.
P is the concentration of phosphorus in mg. per ml. of reaction mixture; t is the time in minutes after addition of ATP; 606 is the tissue dilution factor, and 31 the atomic weight of phosphorus.
Determinations of viscosity were performed with Ostwald viscosimeters measuring outflow time. Two viscosimeters were used for all measurements and these had outflow times for 4 ml. of water of 16.2 and 19.2 seconds. Temperature was controlled at 20 ± 0.1 C. Two ml. of the muscle extract were mixed with 2 ml. of glyeine buffer and the relative viscosity (JJ rel) of this solution was obtained.* In most cases, viscosity is expressed as specific viscosity which is or r) rel -1.
Viscosity in each case was determined before and after the addition of 0.02 ml. of a 2.5-5.0 per cent solution of the disodium salt of ATP. The additional volume in which the ATP was added had no measureable effect on viscosity. The change in viscosity, the viscosity response to ATP, has a direct relationship to the concentration of actomyosin in solution (figure 1) and can thus be used as a quantitative measure of actomyosin concentration.
The relationship between viscosity and concentration of protein in this study compares well with that reported by Mommaerts 5 and by Balenovic and Straub 7 for actomyosin of rabbit cross-striated muscle.
Viscosity data were also expressed in terms of the viscosity number and "ATP sensitivity" of Portzehl and coworkers. 8 Viscosity number is a means of expressing viscosity per unit of protein and is given by the equation:
Viscosity number = Zr\ = 2.3 log v rel (C = concentration of protein in grams per liter)
"ATP sensitivity" is expressed as a percentage and is a means of characterizing actomyosin solutions in regard to their actin content. It is defined as:
where Zr\ and Zr\ ATP are the viscosity numbers before and after the addition of ATP respectively. Data obtained for actomyosin of dog heart ventricular muscle indicated that ZT\ and "ATP sensitivity" are independent of protein concentration in the range 0.6-1.2 gm. of protein per liter. In this range of protein concentration, no apparent thixotropj' occurs and viscosity appears to be independent of velocity gradient. 1 For these l-easons, all determinai rel --. f is the measured outflow time of the to protein containing solution and to is the outflow time of the medium without protein.
tions of viscosity were perfoimed within this range of protein concentration.
In these studies, then, actomyosin was quantitatively measured in two ways: (a) precipitation by dilution of a strong salt extract of muscle, and determining the protein nitrogen of the precipitate: (b) determination of viscosity response to ATP in terms of change in specific viscosity.
EXTRACTION OF ACTOMYOSIN FROM DOG
HEART MUSCLE Three methods of tissue homogenization were compared: In method J, minced ventricular muscle was placed in a mortar surrounded by ice and ground by hand for 10 minutes adding from 3 to 5 volumes of ice-cold Weber's solution during grinding. Method 2 was the same as method 1 except that following grinding, the mixture was transferred to a Waring Blendor and homogenized further at high speed for 00 to 120 seconds. In method 8, minced muscle was transferred without preliminary hand grinding to a glass Potter-El vehj em tissue grinder and homogenized at high speed for 6 minutes. The tissue grinder was surrounded by an ice-water jacket at 5-10 C during operation.
Preliminary studies confirmed the importance of using large volumes of extractant and the volume of dilution in extraction was 1:15. The final volume dilution was 1:30 in each of the three methods used. Table 1 gives the results of a comparison of these three methods of homogenization with regard to heart ventricular muscle of one dog. The highest yield of actomyosin was obtained using method 3, which was used as the method of homogenization in the remainder of the study.
Varying the length of the period of homogenization resulted in variation in the fragmentation of tissue. This was apparent on microscopic study of the homogenates. After three minutes of homogenization, muscle fibers fragmented at the intercalated discs were seen in mast fields. When homogenization was prolonged to twelve minutes, no recognizable muscle structure could be seen. Increasing yields of actomyosin per unit of whole tissue were obtained by increasing the length of homogenization from three to six minutes, but very little increase in this was noted when it was extended beyond six minutes. The effect of length of homogenization on the "ATP sensitivity" of actomyosin is seen in figure 2. In three minutes the "ATP sensitivity" is appreciably less than in six minutes or longer periods. Homogenization for varying periods of time between 3 and 12 minutes had little or no effect on the ratio: Actomyosin in grams Total extracted protein in grams ( fig. 3) . Thus the actomyosin content of the protein obtained in six minutes seemed to be representative of that of whole tissue. 4 . Viscosity response to ATP (expressed as "ATP sensitivity") of heart muscle extracts stored for vurying lengths of time at 6 ± 2 C. 13 crude muscle extracts were studied.
The yield of extractable protein and actomyosin was greater in fresh muscle than in frozen muscle of the same ventricle stored at -2 0 C for periods up to 12 weeks. When ATP was added to the frozen muscle homogenate, the yield of extractable protein and actomyosin became equal to that of fresh muscle. Varying, the amount of ATP added between 0.5 and 2 mg. per gram of tissue was without significanteffect, maximum effect was obtained with 0.5 mg. of ATP per gram of tissue. Addition of ATP in amounts up to 2 mgs. per gram of tissue tohomogenates of fresh heart muscle had no appreciable effect on the extraction of actomyosin. Apparently, enough ATP remains in themuscle at refrigerator temperature for from 1 to 3 hours after removal from the animal topromote extraction of the actomyosin.
The effect of quick-freezing of muscle wasstudied by plunging an 8 gram sample of fresh dog heart muscle into liquid nitrogen. Extraction of actomyosin was compared with that of fresh muscle from the same ventricle. There was found to be decreased "ATP sensitivity" of the actomyosin of quick-frozen muscle. The addition of ATP to the homogenates had no appreciable effect on the extraction. All extracts were stored at 6 ± 2 C. The effect of such storage on the viscosity response to ATP and the adenosinetriphosphatase activity of the extracts was studied. The results of this study are illustrated in figures 4 and 5. A progressive decrease in "ATP sensitivity" occurred after five days of storage and of enzymatic activity after three days of storage.
Using the method of homogenization and extraction described above, analyses were made of actomyosin of the right and left ventricles of six adult mongrel dogs selected at random and apparently normal. The results of these analyses are listed in table 2. Good agreement was obtained between replicate samples of single ventricles with respect to total protein, actomyosin and adenosinetriphosphatase activity. DISCUSSION These experiments demonstrate that by appropriate methods actomyosin may be extracted from heart ventricular muscle in satisfactory yield with minimum alteration of its properties. The method and length of homogenization influence the yield of actomyosin in a manner related to the degree of comminution of the tissue and its dispersion in the extracting medium. When the tissue is highly fragmented actomyosin is extracted as a constant proportion of the soluble protein. The increase in "ATP sensitivity" which was noted on increasing the length of homogenization from 3 minutes to 6 minutes suggests an increase in actin content of the extract. 8 Thus, the degree of fragmentation appears to influence not only the yield of actomyosin but also to some extent the character of the actomyosin obtained.
ATP promotes extraction probably through its dissociating effect on the actomyosin complex.
3 Fresh muscle homogenates contained sufficient ATP for this effect. In this study, however, fresh muscle that was frozen at -20 C and stored for varying periods of time lacked the necessary concentration of ATP for maximum extraction. Perhaps this loss of ATP occurs through enzymatic hydrolysis during the slow process of freezing. Rapid freezing does not result in a critical loss of ATP but does appear to affect the physico-chemical characteristics of actomyosin.
Changes in both "ATP sensitivity" and adenosinetriphosphatase activity of the extracts were noted on storage at refrigerator temperature. It thus is necessary to perform all determinations on freshly prepared extract or on tissue frozen and stored at -20 C.
SUMMARY
Reproducible analysis of actomyosin of heart muscle may be obtained by careful attention to certain details among which are: (1) Sufficient homogenization to obtain a high degree of fragmentation of the tissue and dispersion in the suspending medium; (2) homogenization must be standardized; (3) the temperature must be controlled so that the entire procedure is carried out at 0 to 10 C; (4) ATP must be pressnt "in sufficient concentration to exert its maximum effect on actomyosin; (5) Concentration of protein in the final extract should be low (0.5-2.0 mg of actomyosin per ml). Reproducible viscosimetric determinations are thus possible; (6) All procedures should be completed by the third day after beginning extraction, since changes in actomyosin occur spontaneously on storage and rate of change makes these evident by the fourth day.
